Photox has been identified as an ADP-ribosylating toxin, produced by Photorhabdus luminescens, which targets actin. Recent unpublished studies have suggested that Photox may also target actin-related proteins (Arps). Herein we report possible interacting residues of actin, Arp1 and Arp2, with Photox. Both actin and Arp1 were predicted to interact with Photox in six main groups across the NAD + binding surface whereas four interaction groups were proposed between Arp2 and Photox. The possible interactions evaluated included hydrogen bonds, salt bridges, and electrostatic and hydrophobic interactions. Our results suggest that Arp1 is a very likely target of Photox, while Arp2 is also a possible candidate; however, the possible interactions between Photox and Arp2 appear to be weaker than the possible interactions between Photox and Arp1. Understanding the various interactions of Photox and its targets may help to provide insight into its biological action, and may potentially lead to a treatment plan for similar toxin-related diseases.
Introduction
Bacterial infections remain a major cause of human disease and illness in both developed and developing countries. Many bacterial diseases, such as Legionnaires' disease, Lyme disease, and Escherichia coli 0157:H7 were once thought to have been eradicated; however, in recent years, many have been re-emerging, often with increased resistance [1] . The primary means of bacterial pathogenesis is bacterial multiplication within the host, which elicits an immune response [2] . In order to combat the host's immune system, many bacteria have evolved additional pathogenic strategies; these include microbial adhesion, the injection of virulence factors to the host, and the expression or secretion of a variety of toxins [2] .
Several of the toxins produced by pathogenic bacteria are ADP-ribosyltransferases (ARTs), toxins that act to destroy host cells in the same way that antibiotics act to kill bacteria. Examples of diseases caused by ARTs in humans include diphtheria, cholera, pertussis, botulism, and typhoid fever [3] [4] [5] . Given the increase in multidrug-resistant bacterial infections such as Salmonella, there is an increase in interest and urgency to study and understand these enzymes [6] . ARTs act by causing irreversible modifications to host proteins, carried out by cleavage of the N-glycosyl bond between the nicotinamide and the N-ribose of NAD + and subsequent transfer of the ADP-ribose moiety to the target proteins [5, 6] . Most ARTs also have NAD + glycohydrolase activity, which generates a free ADP-ribose from NAD + [7] . There are four families of ARTs, which are defined based on their respective targets: type I target heteromeric GTP-binding proteins; type II modify elongation factor two; type III ADP-ribosylate small GTP-binding proteins; and type IV ADP-ribosylate actin [5] . In each case, the ADPribosylation inhibits function of the modified protein and cannot be removed by host enzymes [6] . For example, ADP ribosylation of actin inhibits actin polymerization, preventing synthesis of microfilaments. Thus, as the existing cytoskeleton is depolymerized, it is not replaced and eventually results in cell death.
Photorhabdus luminescens are motile, bioluminescent, Gram-negative bacteria, which live symbiotically with nematodes, and infect insects [8] . The P. luminescens genome encodes a wide variety of toxins and hydrolytic enzymes, which when released, kill the insect host within 24 to 48 hours [8, 9] . Among these toxins is Photox, a type IV ART actin targeting protein encoded by the plu0822 gene of P. luminescens [9] . Further analysis of the protein determined that it shares primary sequence identity with the
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SpvB ART toxin produced by Salmonella enterica [a] . Photox shares key catalytic residues found in SpvB and other ARTs [9] . The addition of an ADP-ribose group to the R177 of actin completely inhibits actin polymerization [9] . Photox is considered highly toxic to eukaryotic cells as basal expression in yeast caused a severe growth-defective phenotype [9] .
Based on primary sequence conservation, ARTs can be divided into two major categories: cholera toxin-like (CT) ARTs and diphtheria toxin-like (DT) ARTs [10] . ARTs have three primary regions of conservation. The CT toxins contain a conserved arginine residue in region one whereas the DT toxins contain a conserved histidine residue [10] . Region two, the region containing the NAD + binding site, contains an STS motif in the CT group and two tyrosine residues in the DT group [10] . Region three contains a conserved tertiary motif involved in ADP-ribosylation activity in both the CT and DT toxins [10] .
CT ARTs can be further sub-divided into four main subgroups [10] . The ARTs which specifically target R177 of actin primarily fall into the C2-like subgroup. These include: Bacillus thuringiensis Vip2, Clostridium perfringens Iota Ia, C. difficile CdtA, C. spiroforme Sa, C. botulinum C2-I, and S. enterica SpvB [5, 9] . The C2-like toxins have two common structural features: C domain and an N domain [5] . The C domain is essential for catalytic activity and consists of an EXE motif: the first glutamate residue catalyzes the ADPribosyltransfer and the second glutamate residue binds to the nicotinamide ribose [5] . The N domain is responsible for binding and translocation [5] .
Although type IV ARTs, by definition, have primarily been shown to target actin, recent unpublished results suggest that actin-related proteins (Arps) in Saccharomyces cerevisiae yeast may also be targets of Photox [b] . Arps, as suggested by their name, are proteins similar, but not identical, to actin [11] . A total of ten Arps have been identified in S. cerevisiae and are grouped based on the similarity of their primary structure to that of actin; the most similar Arps are in the Arp1 family, and as the family number increases, the similarity to actin decreases [11, 12] . Arps share between 17% and 60% conservation with actin, particularly in regions critical to the tertiary structure of actin [11, 12] . Thus, Arps are suggested to display similar folding patterns to conventional actin. Arps are thought to have cytoskeletal roles, including dynein motor activity for Arp1 and actin polymerization for the Arp2/3 complex [13, 14] . They are also suggested to have roles in nuclear activities such as chromatin remodeling and transcription regulation [13] . Arps have been found in widely divergent organisms from yeast to human, thus suggesting conserved and fundamental roles in cells [13] .
In this study, we evaluate the possibility that Photox may target yeast Arps using in silico protein modeling and analysis. Both Arp1 and Arp2 are identified as probable targets of Photox, though the interactions between Photox and Arp1 were stronger. Understanding the biological action of Photox on these proteins may help to further the discovery of a treatment for similar toxin-related diseases.
Methods
Modelling Photox structure
The Photox gene was determined to be plu0822; the amino acid sequence for this gene was then located using the NCBI protein database [9] . The EMBL-EBI ClustalW 2.0 server, used to align three or more sequences highlighting areas of conservation and similarity, was used to identify possible homologues of Photox by a multiple sequence alignment (MSA) with other actin-targeting ARTs [10, 15] .
A search using the basic local alignment search tool (BLAST), a sequence comparison algorithm used to search databases of sequences, was performed in order to identify any close homologs to the N-domain Photox with that of other ARTs [16] . SignalP 4.0, an internet tool capable of identifying signal peptide sequences in an amino acid sequence, was used to identify possible signal peptide sequences in Photox [17] .
The amino acid sequence was used to create a model structure using the Swiss-Model protein structure homologymodeling server [18] [19] [20] . Swiss-Model identifies a structural template, aligns the target sequence and the template structure in order build a model, and evaluates the model built [18] [19] [20] . Based on the results of the MSA, SpvB was selected as a model structure (PDB accession code: 2GWL).
The Photox model generated by Swiss-Model was submitted to the ConSurf 3.0 server, used to estimate and visualize the conservation of amino acid positions in proteins, [21] [22] [23] along with the MSA of Photox and the other actin binding proteins, using Photox as the query sequence. The position of NAD + relative to Photox was determined by using the coordinates of NAD + bound to SpvB. The hydrogen bonds of Photox and NAD + were identified based on the results of Margarit et al. [6] .
Modelling of Photox:actin
As no structure of SpvB:actin was available, a model of Iota:actin was selected for the superposition of Photox in order to model the interactions between Photox and actin (PDB accession code: 3BUZ).
Determination of Photox:actin interactions
Electrostatic and hydrophobic surface models were used to assess possible interactions between Photox and actin. esidues rom hoto and actin ithin .
o each other were considered for potential hydrogen bonds and salt bridges (Appendix 1). Interactions between Iota and actin were considered using a MSA previously generated [5] .
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Identification of yeast Arps as potential targets of Photox
Ten Arps in yeast were identified, and their sequences compared to actin using an MSA and the ClustalW 2.0 server [15] . Arps that shared a conserved modifiable arginine residue with actin were identified; an additional MSA was generated using the Arps containing the conserved, modifiable arginine, and actin. A ConSurf model was generated based on the structure of actin.
Modelling of Photox:Arp
The MSA of Arps with a conserved modifiable arginine residue and actin was evaluated in order to determine which two Arps were the best candidates to model for Photox binding. The evaluation was completed by examining the conservation of residues previously predicted to be involved in Photox:actin binding. Arps having the greatest number of identical residues, or residues of similar hydrophobicity and/or charge compared to actin were selected.
To create a model of Arp2, the protein sequence was submitted to Swiss-Model [18] [19] [20] without a model structure. Swiss-Model located candidate structure models and generated a theoretical structure for Arp2; this model was based on rabbit actin and was the model which depicted the entire Arp2 structure (PDB accession code: 2Y83 chain O). For Arp1, the PDB was searched using the primary sequence to identify candidate model structures with an E-value cut-off of 0.001; yeast actin selected as a model (PDB accession code: 1YAG). Swiss-Model was used to generate a theoretical structure [18] [19] [20] .
In order to create a model of the interactions between Photox and the Arps, each Arp was modeled onto the Iota:actin structure (PDB accession code: 3BUZ), using DALILITE [24] . The resulting root-mean-square deviation (RMSD) alue aided in the determination o ho related the rps ere to actin a M abo e 2 meant the structures ere completely unrelated hile a M o . indicated that the structures were very closely related. The PDB text files were edited to create models of Photox:Arp2 and Photox:Arp1. The quality of these models was assessed using the QMEAN server [25] .
Identification of potential Photox:Arp interactions
Both Photox:Arp models were analyzed for potential interactions using the same criteria as above: proximity less than 4.0 Å, as well as electrostatic and hydrophobic interactions. The PDBePISA server was used to predict hydrogen bonds and salt bridges [26] . The residues predicted to be involved in Photox:actin interaction were also considered in each Arp, using the MSA of the Arps and actin.
All theoretical models were selected based on how much of the sequence was modeled on the template as well as identity to the template. For example, the template that had the highest identity with Arp2 did not model the entire Arp2 protein; therefore, the template with the second highest identity was selected as it modeled the entire protein.
All protein models were visualized using PyMOL. The tools used were chosen as they are user-friendly, easily accessible and due to the high target-template sequence identities. In particular, Swiss-Model was chosen because the program contains a refinement process and it is capable of selecting the best template for modeling.
Results
Photox and other ARTs that bind actin were compared using MSA with specific consideration of the active site ( Figure S1 ). The NAD + binding site and active site region showed the greatest conservation between the various ARTs.
A search using BLAST did not identify any ART homologs to the N-domain of Photox; however, an unknown protein from P. luminescens had 80% homology to the N-domain of Photox [16, 27] . SignalP 4.0 did not detect the presence of a signal peptide sequence in Photox [17] .
Given the high sequence conservation between the actin binding site of Photox and SpvB seen in the MSA, a structural model of Photox was created based on the SpvB structure (PDB accession code: 2GWL) ( Figure 1 ). [15] . The arrow identifies the conserved modifiable arginine residue. (B) Multiple sequence alignment of actin and the four Arps which contain the modifiable arginine residue, preformed by the EMBL-EBI ClustalW 2.0 server [15] . Residues highlighted in green are those which are proposed to be involved in Photox:actin binding. (C) The ConSurf surface rendering of conservation in the four Arps which contain the modifiable arginine residue, showing the portion of the molecule which interacts with Photox generated using the ConSurf 3.0 server [18] [19] [20] . Purple indicates regions of high conservation, whereas cyan represents regions of very low conservation.
QMEAN analysis, a server capable of deriving global, entire structure, and local, per residue, error estimates on the basis of a single model, of the Photox model resulted in a QMEAN Z-score of 0.213 [25] . A QMEAN Z-score of one is indicative of a very good model and a strongly negative score is indicative of a model of very low quality [28] . QMEAN found 64.322% structural identity between the C-domains of Photox and SpvB, and the E-value, a measure of accuracy of an alignment with values approaching zero being of higher accuracy and significance, equaled 9.06e -71
[25]. Based on this Photox model, a topology map was generated, highlighting the NAD + binding region ( Figure 2 ). The active site of the Photox model was analyzed based on the active site of SpvB ( Figure 2 ) [6, 9] . The hydrogen bonds involved in NAD + binding were identified: E355 interacted with the nicotinamide ribose, G289 interacted with nicotinamide, R288 and R231 interacted with the phosphates of NAD + , and K291 and K294 interacted with the adenosine ribose [9] . The catalytic residues were found to include an STS motif (residues 317-319) and E355, the second glutamine residue in the EXE motif. N227 and L290 were identified as active site stabilizing residues [9] .
Modelling of Photo:actin
The superposition of the Photox structure onto an Iotoa:actin structure generated a theoretical model of the Photox:actin binding interface (PDB accession code: 3BUZ) using DALILITE to evaluate the structural similarities between Photox and Iota by maximizing the overlap of their distance matrices [24] .
Determination of Photox:actin interactions
The DALILITE superposition of Photox onto Iota generated a structural sequence alignment ( Figure S3) . The actin binding residues on Photox were grouped based on their overall positions on Photox, the region of actin with which they interact, as well as how they relate to the residues which interact in the Iota:actin model (Table 1 ) [5, 9] . Electrostatic and hydrophobic surface models generated in order to identify potential interacting regions between Photox and actin ( Figure S4 ). Table 1 . Proposed interactions between Iota and actin, Photox and actin, Photox and Arp2 (Figure 4) , as well as Photox and Arp1 (Figure 6 ). Residues were categorized in groups based on their location in t e ter ar structure as ell as side c ain orienta on. esidues ere ta en into considera on or ossible interac ons based on ro i it it in , electrostatic properties, as well as hydrophobic properties.
In silico modeling of Arp1 and Arp1 as targets of Photox (Daly and
Identification of yeast Arps as potential targets of Photox
The sequences of the ten yeast Arps were aligned with the sequence of actin ( Figure 2A) ; Arp2, Arp1, Arp4, and Arp5 contain the modifiable arginine residue. Based on this, these Arps were aligned with actin to better investigate other conserved residues ( Figure 2B ). A ConSurf model, a colour coded structural representation, was generated based on the structure of actin ( Figure 2C ) (PDB accession code: 3BUZ) [18] [19] [20] . Dark purple areas on the ConSurf model indicate a high degree of conservation, whereas areas of light blue are indicative of the least degree of conservation. The modifiable arginine residue was found to be highly conserved.
The actin residues predicted to interact with Photox were evaluated for conservation in the Arps; both identical residues and residues with similar properties were considered. Based on this evaluation, Arp2 and Arp1 were found to have the most conservation in these critical residues, and as a result were evaluated further.
Modelling of Photox:Arp
Models o both rp2 and rp ere generated, and subse uently superposed onto actin to allo modeling o their hoto interactions. he LILI superposition results or rp had a -score o . , a se uence identity o , and an M o .
[24]. The DALILITE superposition results or rp2 had a -score o . , a se uence identity o , and an M o 2. . Both Photox interaction models were evaluated using the QMEAN server [25] . The Photox:Arp1 model) had a QMEAN Z-score of -1.32 ( Figure 3) [28]. QMEAN server was unable to evaluate the Photox:Arp2 model. 
Investigation of potential Photox:Arp interactions
The Arp2 binding residues on Photox were categorized into four groups based on the same criteria used for Photox:actin and Iota:actin ( Figure 4, Table 1 ). Several of these groups are very similar to those defined for the Photox:actin interactions; however, some groups are absent entirely. For consistency, the group names were kept the same as the assignments used for Photox:actin, hence the absence of groups one and three. Salt bridges are predicted to form between R396 of Photox and E173 of Arp2, K294 of Photox and D171 of Arp2, and E242 of Photox and K79 of Arp2. The hydrogen bonds predicted are very similar to those predicted for Photox:actin; however, the hydrogen bond between Y223 of Photox and the modifiable arginine residue of Arp2 is absent (Figure 4) .
The electrostatic interactions between Photox and Arp2 were modeled ( Figure 5 ). Similar to the Photox:actin model, interactions were predicted between the electronegative region to the lower left of NAD + on Photox and the electropositive region to the lower right of NAD + on Arp2. A second interacting region was predicted above and to the right of NAD + on Photox and above and to the left of NAD + on Arp2. As with the Photox:actin interactions, the hydrophobic model generated for Photox:Arp2 suggests a lack of large interacting regions, but many small interactions were noted ( Figure 5 ). The overall structure of Arp2 was compared to that of actin ( Figure 4) . The area containing groups one and two is highly expanded on Arp2, containing two β-strands in place o the α-helices. Further, group two on actin is composed of an α-helix, but not in Arp2. The area between group two and four have similar secondary structural elements, but a different folding pattern.
The interacting residues between Photox and Arp1 were categorized in the same manner as the Photox:Arp2 interactions ( Figure 6 ). The interactions predicted were found to be very similar to those predicted between Photox and actin, though some differences were noted. Group one in Photox:Arp1 was predicted to involve more residues compared to Photox:actin, while group five was predicted to display the opposite trend. A salt bridge was predicted between Photox E242 and Arp1 R75, and a hydrogen bond was predicted between Y223 and D187 of Photox and Arp1 respectively ( Figure 6) .
The electrostatic interactions modeled ( Figure 7 ) suggested one interacting region. This is between the electronegative region to the upper right of NAD + on Photox and the electropositive region to the upper left of NAD + on Arp1.As with the Photox:actin and Photox:Arp2 models, the hydrophobic interactions are spread throughout the structure and are not clustered (Figure 7) .
When compared to actin, the theoretical structure of Arp1 only differed significantly in one area ( Figure 6 ). This area is located near groups one and two, and was observed to be slightly less compact on Arp1; however, the secondary structure remains conserved. 
Discussion
The structure of Photox was modeled based on SpvB, which shares very high sequence conservation with the C-domain of Photox. Compared to other ARTs, the SpvB active site has a 30-residue insertion, which is shared by Photox [6] . The QMEAN Z-score was 0.231, indicating a high quality model [28] . Further support for the quality of the model was a sequence identity of 64.322% between the Cdomains of SpvB and Photox. Also, the E value reported was 9.06e -71 , indicating a very high probability that Photox and SpvB are homologues. Therefore, due to the high sequence identiy, the high QMEAN Z-score and the low E value, SpvB was determined to be the structural model for Photox.
Photox residues 209 to 488 were modeled based on SpvB, which represents the actin-binding domain. Residues one to 208 were not modeled as they do not share a conserved sequence with SpvB. The N-domain of Photox did not exhibit homology with any ART; however, it showed 80% homology to an unknown protein from P. luminescens [16, 27] .
The N-domain of most actin targeting ARTs is responsible for binding and translocation and would therefore contain signal peptide sequences [5] . As the N-domain of Photox does not contain a signal peptide sequence and as it is predicted to be disordered by GeneSilico, it is unlikely that is behaves in the same manner as other actin targeting ARTs [23] .
Given that this study only aimed to evaluate the binding interaction between Photox and Arps, having a more accurate model of the binding domain was determined to be of greater importance than a less accurate model of the entire protein. Therefore, the N-domain of Photox was not modeled.
A model of SpvB:actin was not available; therefore, a model of Iota:actin was used to model Photox:actin. Iota, another actin targeting ART, does not contain the same insertion consisting of an extension of one α-helix, the additional α-helix that appears in Photox and SpvB. As such, the model of Photox:actin may not be as accurate as the Cdomains of Iota and Photox had a sequence identity of only 23.7% . Although few residues were found to be completely conserved, the properties of residues were conserved in many positions ( Figure S1 ).
The proposed binding residues between Photox and actin were categorized into six groups according to their positions on the two proteins [6, 9] . Although residues from different groups may be in close proximity along the protein backbone, the orientation of the side chains was the determining factor for the grouping. As a result, residues that appear to be close together along the backbone may not be included in the same group. For example, Y223 and Q221 of Photox are sequentially very close; however, the Y223 side chain is angled towards the NAD + binding site, while Q221 points in the opposite direction.
There are ten various Arps in yeast; however, only four were found to have the conserved, modifiable arginine residue: Arp2, Arp1, Arp4, and Arp5. These four Arps were evaluated for similarities with actin. This comparison was completed based on primary structure; only residues proposed to be involved in Photox:actin interactions were analyzed. Residues were considered to be conserved if they were identical to the actin residue, or shared similar properties and charges. Arp2 was found to share the greatest number of similar residues with actin, and Arp1 shared the second highest number of similar residues.
Both Photox:Arp models were generated by superposing the Arp structural models onto the actin portion of the Iota:actin model used previously. The analysis of Photox and actin interactions was completed using an experimentally determined structure of actin, as opposed to a modeled structure. Thus, the Photox:actin interactions are likely more accurate than both sets of Photox:Arp interactions, which were completed using modeled structures for both Photox and the Arps.
The DALILITE superposition of Arp2 onto actin had a Z-score of 33.7, suggesting a good quality model. The 50% sequence identity between Arp2 and actin, as well as the RMSD of 2. 4 urther support the uality o this model. However, the QMEAN server was unable to assess the quality of the Photox:Arp2 model. This suggests significant errors present in this theoretical structure. These errors could be attributed to an incorrect model of Arp2 or could suggest that Photox does not in fact interact with Arp2 in this way.
The model of Arp1 was found to have a Z-score of 53.9, a sequence identity of 47%, and an RMSD of 1.0 by DALILITE, all of which indicate a model of high quality. The QMEAN evaluation of the Photox:Arp1 model had a QMEAN Z-score of -1.32. This very negative value calls into question the quality of the Photox:Arp1 interaction, perhaps indicating that this is not a true interaction.
The proposed interactions between Photox and actin, Photox and Arp2, and Photox and Arp1 are very similar. Though differences exist in the tertiary structures of actin and the Arps, the Photox-binding regions have similar structures. However, the ConSurf data for the Arps and actin, the Photox-binding surface did not indicate many conserved regions aside from the modifiable arginine residue. As a result, it is unlikely that all Arps would share a comparable Photox-binding surface.
Based on the results presented, it is likely that Arp1 is a target of Photox, though the exact interactions determined using these models may not be entirely accurate. Arp2 is also a likely target of Photox; however, to determine the precise interactions would likely require more accurate structures. The models generated in this study suggest fewer interactions between Photox and Arp2, compared to Photox and Arp1; suggesting that the Photox:Arp2 interaction may be more transient. Arp4 and Arp5 also share the conserved arginine residue, and thus are possible targets of Photox, though their possible interactions were not evaluated in this study. Given the lack of conservation in the Photox-binding Given the proximity of Photox Y223 and actin R177, a hydrogen bond was predicted; however, this interaction was not predicted in either of the Photox:Arp models. This suggests that the modifiable arginine residue in Arps is not positioned in close proximity to Photox, and thus may not be modified by Photox. It would be beneficial to evaluate the enzymatic activity of Photox modification of Arps, similar to the study completed by Visschedyk et al. for Photox modification of actin [9] .
An additional tool for determining whether interactions are present would be the use of green fluorescent protein (GFP)-fragment reassembly [29] [30] [31] . This technique involves creating fusion proteins of the two potential interacting proteins; one is fused to the N terminus of a GFP-fragment, and the other is fused to the C terminus of the GFP-fragment. If the proteins do in fact interact, the GFP fragments are brought in close enough proximity to one another to allow reassembly. Once reassembled, GFP provides a distinct fluorescent marker, confirming the interaction [29] [30] [31] . This would be a useful experiment to evaluate the presence of Photox:Arp interactions.
Experimental evidence for the interactions proposed above could be attained through site-directed mutagenesis of Photox, actin, Arp2, and Arp1. By mutating the individual residues suspected to be involved in the interaction, and observing the effects on binding, the role that the mutated residues play in the interaction could be determined.
All of the models used to evaluate potential Photox targets and interactions are theoretical, and as described above, some are of better quality than others. Particularly in the case of Photox and the Arps, having an accurate structure would be beneficial in more accurately assessing potential interactions.
Conclusion
Based on the models presented in this study Arp1 is a probable target of Photox. Arp2 is also a likely target of Photox, though the interactions are predicted to be weaker than those between Photox and Arp1. Improved structural models and activity studies would help to confirm these observations. Arp4 and Arp5 are also possible targets of Photox, as they possess the modifiable arginine residue, though their interactions have yet to be modeled. The Arps lacking the modifiable arginine residue are unlikely to be targets of Photox. Based on these results, the targets of bacterial toxins in the cell may be more extensive than previously determined. Elucidation of all cellular targets of these toxins will be required to fully understand and treat bacterial infections.
Future in vitro studies should further investigate the binding of Photox to Arp1 and Arp2. Enzyme kinetics experiments would be beneficial in order to determine if Photox truly ADP-ribosylates Arps as well as actin. These studies would assist in the determination of the mechanism of toxicity of Photox.
Understanding the biological action of Photox on various proteins may help to further the discovery of a treatment for similar toxin-related diseases. These models may aid in understanding how ARTs destroy host cells and may lead to in vitro experiments which examine various ART targets. This understanding may lead to alternate methods of treatment for diseases caused by ARTs, such as diphtheria, cholera, pertussis, botulism, and typhoid [3] [4] [5] . 
Methods
Supplement
Modelling of Photox:actin
In order to model the interactions of Photox and actin, DALILITE was used to superpose the Photox model onto the structure of a homologous protein bound with actin [24] . A structural sequence alignment was also obtained from DALILITE [24] . As no structure of SpvB:actin was available, a model of Iota:actin was selected (PDB accession code: 3BUZ). A theoretical model of the Photox:actin interaction was created by editing the PDB text files of Iota:actin and the output file of Photox from DALILITE [24] . The quality of this model was assessed using the QMEAN server [25] .
Determination of Photox:actin structure
Various models of the Photox:actin theoretical structure were created and used to assess possible interactions, including electrostatic surface models and hydrophobic surface models. The proximity of amino acids was evaluated to identify possible hydrogen bonds and salt bridges; residues within 4.0 Å of each other were considered. The PDBePISA server was used to assess possible protein interfaces, and the results were evaluated based on the above criteria [26] . The interactions described for Iota:actin were also considered using the MSA previously generated [5] .
Results
Supplement
Modelling Photox structure
Photox and other ARTs that bind actin were compared using a MSA, with specific consideration of the active site ( Figure S1 ). The ConSurf server was also used to generate a visual representation of conserved residues; purple residues represent the most conserved regions, and cyan residues represent the least ( Figure S1 ) [21, 22, 23] . The NAD + binding site and active site region showed the greatest conservation. Photox residues identified for NAD + binding and catalytic activity included N-XXX-R, RGLK-XX-K-XX-L, and STS-X[35]-E. Other conserved residues were identified; however, they were not located on the protein surface. . This model was then assessed using the QMEAN server; the model was coloured based on the QMEAN results, with colour representing the potential error in the structure for each residue ( Figure S2) [25]. The spectrum ranges from blue to red, where blue is the least amount of error, and red is the most. The areas with the least amount of potential error include t e β-s eet oti in P oto and t e β-sandwich in subdomain three of actin. The QMEAN Z-score was -0.85 [28] . 
Determination of Photox:actin interactions
The DALILITE superposition of Photox onto Iota generated a structural sequence alignment ( Figure S3 ) [24] . Few residues were found to be completely conserved; however, residues with similar properties were conserved in some positions.
The actin binding residues on Photox were grouped based on their overall positions on the Photox protein and the region of actin with which they interact ( Figure S3 ) [6, 9] . The overall tertiary structure of Photox was compared to that of the Iota actin-binding region. Photox was found to have an insertion consisting o an e tension to one α-eli as ell as an additional α-helix.
The potential interactions between Photox and actin were predicted based on proximity, electrostatics, and hydrophobicity ( Table 1) . Salt bridges were predicted between K291 of Photox and E270 of actin, as well as E242 of Photox and K68 of actin. Multiple hydrogen bonds were also predicted: Photox Y223 and actin R177, Photox S391 and actin E276, Photox Y217 and actin T75, and Photox S246 and actin D80 ( Figure S3 ) [5, 9] .
The electrostatic surfaces of Photox and actin were modeled ( Figure S4 ) and two potential interacting regions were identified. The negative region in the bottom left of Photox (relative to NAD + ) may interact with the electropositive region on the bottom right of actin (relative to NAD + ). Also, the electronegative pocket above and to the right of NAD + on Photox may interact with the electropositive protrusion to the upper left of NAD + on actin. The hydrophobic surfaces of Photox and actin were also modeled ( Figure S4) , with orange representing hydrophobic regions, and green representing hydrophilic regions. The hydrophobic interactions were not found to be clustered in regions on the proteins; however, many individual interactions are likely to play a role in the overall interaction between Photox and actin. 
Discussion Supplement
The sequence of Photox was aligned with ART proteins. ConSurf modeling indicated high conservation within the active site region [21] [22] [23] . Other conserved residues were not located on the protein surface, suggesting a possible role in tertiary structure conservation.
Since no structures of SpvB:actin were available, a structure of Iota:actin was selected to model the Photox:actin interactions. Although Photox shares more conserved residues with SpvB than with Iota, the actin-binding region is well conserved, which allowed modeling by superposition. The QMEAN Z-score for this Photox:actin model was -0.85, indicating that there are likely errors within the model [28] . The DALILITE Z-score for superposition was 12.3, suggesting a model of moderate quality. DALILITE found 23.7% sequence identity between Photox and Iota, which as expected, is less than the sequence conservation between Photox and SpvB. This indicatesthat the model was based on conserved areas between these proteins, and thus is reasonably accurate. The RMSD value was 2. , suggesting that the Photox model and Iota have closely related structures.
The structural differences between the actin binding domains of Iota and Photox were evaluated. An insertion of an α-eli as ell as t e e tension o an e isting α-helix in the group one region were observed on Photox. As a result of this addition, six groups of actin binding residues were observe d for Photox, compared to the five groups previously determined for Iota [5] .
Further differences between the Iota:actin binding groups and Photox:actin binding groups were observed using the structural sequence alignment from DALILITE [24] . Although few residues were found to be completely conserved in the primary sequences, it was noted that the overall tertiary structures of Photox and Iota were well conserved. For example, group six of Iota is structurally comparable to group six of Photox; however, these residues are located in very different positions of the primary structure.
Given the modeled structural similarities, as well as the sequence conservation, it is likely that Photox and Iota are homologous. However, given the differences in folding patterns, it is likely that these proteins have evolved significantly since divergence. Overall, both proteins share enough structural similarity to perform similar functions, as both Photox and Iota modify R177 of actin [5, 9] .
